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We fabricated prototype cantilevers for mechanically detected high-frequency ESR measurement. Cantilevers

are fabricated from silicon-on-insulator (SOI) wafers using standard MEMS techniques such as lithography,

wet etching, and plasma etching. Using commercial SOI wafers, fabrication cost and the number of processes

can be substantially reduced. In this study, three types of cantilevers, designed for capacitive and optical detec-

tion, are shown. Capacitive type with lateral dimensions of 3.5 × 1.6 mm2 is aimed for low spin concentration

sample. On the other hand, optical detection type with lateral dimensions of 50 × 200 µm2 is developed for high-

sensitive detection of tiny samples such as newly synthesized microcrystals. 
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1. Introduction

Mechanically detected electron spin resonance (ESR) in

terahertz (THz) region is a new experimental technique to

achieve both high spectral resolution and high sensitivity

[1-4]. In a similar manner to magnetic resonance force

microscopy (MRFM), ESR signal is detected as a change

of sample magnetization using a microcantilever. Most

remarkable feature of our method is that ESR detection is

performed in high-frequency region ranging from milli-

meter-wave to THz-wave region. Thus, extremely high

spectral resolution is achieved. In MRFM techniques, a

miniature coil is used to generate RF fields at the sample

position, and hence the operating frequency is at most 10

GHz. On the other hand, high-frequency light sources

such as Gunn diode and backward travelling wave oscil-

lator (BWO) are used in our study. Wide frequency range

80-1200 GHz can be covered by combining with multiple

light sources. Besides, an electromagnetic wave is trans-

mitted by an oversized waveguide, so that multi-frequency

ESR measurement can be easily performed. This feature

enables ESR spectroscopy to get microscopic insights

into spin systems of interest. 

Using this method, we have achieved spin sensitivity of

109 and 1012 spins/gauss at 80 and 370 GHz, respectively

[1, 4]. These values are much higher than that of conven-

tional transmission methods, which is typically on the

order of 1015 spins/gauss. Since an oversized waveguide

can transmit THz waves without restriction, as mentioned

above, our technique can be extended to THz waves

beyond 500 GHz. 

In such high frequency region, signal-to-noise ratio is

diminished due to low output power of light sources,

which is typically weaker than 1 mW. This is the reason

for worse spin sensitivity at 370 GHz, as mentioned. There-

fore, further improvements will be needed to achieve better

spin sensitivity in this region. For this purpose, we focus

on developing microfabrication technique of optimally

customized cantilevers. With this development, flexible

cantilever design for use in various measurement condi-

tions becomes possible. In this article, we describe a method

of mirofabrication and characterization of cantilevers, and

possible applications in our ESR technique. 

2. MEMS Process

According to the scaling law, physical parameters of a

mechanical structure such as response time and sensitivity

©The Korean Magnetics Society. All rights reserved.

*Corresponding author: Tel: +81-78-803-5656

Fax: +81-78-803-5770, e-mail: ohmichi@harbor.kobe-u.ac.jp

This paper was presented at the ICM2012, Busan, Korea, July 8-13,

2012.

ISSN (Print) 1226-1750
ISSN (Online) 2233-6656



− 164 − Microfabrication of MEMS Cantilevers for Mechanically Detected High-Frequency ESR Measurement − E. Ohmichi et al.

are greatly changed with decreasing the size of the devices.

For example, if the system size is L, eigenfrequency

increases in proportion to L−1, and kinetic energy de-

creases as L5. This fact indicates that a sensitive mech-

anical sensor can be constructed by downsizing of the

system. Microcantilevers are a well-known example of

such a mechanical sensor, and are applied to scanning

probe microscopy where atomic image or various physical

quantities at surface can be characterized.

Typical dimensions of these miniature devices are on

the order of mm, and they are called microelectromech-

anical system (MEMS) [5]. MEMS is a general term re-

presenting a device with both electrical and mechanical

functions. In the case of cantilever, mechanical properties

of cantilever such as eigenfrequency or beam deflection

are affected by force exerted via physical interactions.

Their changes are sensitively detected by some methods

and are finally converted to electrical signals. MEMS

technology is nowadays wide-spread in various appli-

cations, and in particular, is used in ultra-sensitive sensor

in physics. 

We recently installed in-house facilities of MEMS fabri-

cation in Kobe. It is aimed to develop optimized MEMS

devices to further improve the sensitivity and versatility

of our ESR technique. With this development, fabrication

of silicon-based microstructure becomes possible. In the

following, we describe details of MEMS fabrication pro-

cess used in this study. 

First, silicon-on-insulator (SOI) wafers were used as a

starting substrate, as shown in Fig. 1(a). SOI wafer is a

kind of specially prepared Si wafer, consisting of three

layers, Si device layer, SiO2 layer and Si handle layer.

SiO2 layer plays important roles in insulating and sacrifice

layer. The device thickness, defined by device layer in the

front side, ranges 2-6 μm in this study. By using SOI

wafers, deposition process can be omitted and the number

of processes can be decreased. Thickness of the handle

layer was typically 350-400 μm. Both device and handle

layers are insulating, and their resistivity is larger than

1000 Ωcm.

Microcantilvers are fabricated with standard MEMS pro-

cess, as shown in Fig. 1(b)-(f). First, positive photoresist

(AZ1500) was spread over the SOI wafer. After prebake,

cantilever pattern was transferred with a photomask by an

exposure of a UV lamp. Mask alignment was done manu-

ally using a mask aligner. After exposure, the wafers were

developed in a developer. Then, either evaporation of Cr/

Au or etching was processed. Evaporation was made with

a standard vacuum evaporator. Etching was done by either

a chemical etchant or plasma. After etching, the remain-

Fig. 1. (Color online) Typical process flow of MEMS fabrication. 
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ing photoresist was removed by acetone and desired patterns

were formed on the wafer. If needed, the wafers were

back-etched from the back side to make a window frame.

A desired structure was released by wet etching of SiO2

sacrifice layer by buffered HF. 

In the following, conditions and equipment used in each

process is described in more detail. We used two types of

photomasks, emersion and chromium masks in this study.

The former has lower resolution (typically 50 μm), but

can be made by home-built photomask maker with a

reasonable cost. The latter has better resolution of 5 μm,

and used for fine pattern transfer. We constructed a home-

built photomask maker modified from a commercial photo

enlarger. In standard use, a photo film on a film holder is

projected on the downward basal plane with an enlarge-

ment lens. In contrast, a desired pattern, which is put on

the basal plane, is irradiated by diffused light from out-

side, and is transferred to a photo-sensitive plate placed at

the film holder. A black-and-white pattern prepared on

A4 size paper is transferred on a 2 × 2 inches photo plate

with a reduction ratio of 16. Minimum resolution of 50

μm is easily obtained after optimization of exposure time

and development. This technique is very useful for making

photomasks in reasonable costs and in short time (~1

hour). 

Pattern transfer was made by mask aligners. We used a

commercial single-side aligner and home-built double-side

aligner. At exposure, g line (436 nm) was used. A double-

side aligner was used when a back-etch process is needed.

This aligner consists of an xyzθ stage with a through hole.

After two photomasks are properly aligned with this stage

under microscope, a wafer is sandwiched by the masks,

and is exposed from both sides. 

Si anisotropic wet etching was done by tetramethyl-

ammonium hydroxide (TMAH) using a home-built etch-

ing bath. This etchant is relatively less toxic and can be

safely treated. Etching conditions were optimized and etch-

ing rate was determined to 0.8 μm/min. at 60 degrees

Celsius, which is consistent with literature. SiO2 plays

roles in passivation layer and etching stop. Spin-on-glass

(SOG) is used for this purpose. SOG is sintered at 1000

degrees Celsius using a rapid thermal anneal (RTA) furnace.

The etching selectivity ratio of Si to SiO2 is found to be

greater than 5 × 103. Structure release was done by remov-

ing intermediate SiO2 layer with 16% buffered HF. Etch-

ing rate was about 100 nm/min. 

Wafers were dry etched using reactive ion etching ap-

paratus (Samco, RIE-10NR). Etching gases were CF4/O2

and SF6. In the former case, etching conditions are as

follows: gas flow CF4/O2:10/2 sccm, chamber pressure:

0.038 Torr, RF power: 150 W, where sccm stands for a

unit of flow rate and is an abbreviation of standard cc/

minite. The etching rate of CF4/O2 plasma was 40 nm/

min., and it was used to define the device layer, since the

precise control of etching depth can be performed. A

photoresist was used as a passivation layer. On the other

hand, SF6 is much faster etching gas than CF4/O2, and

etching rate ranges 0.3-2.3 μm/min, depending on condi-

tions. Optimal etching conditions are as follows: gas flow

SF6: 7 sccm, chamber pressure:0.15 Torr, RF power 150

W. SF6 plasma was used to back-etch a wafer from the

backside. In this case, Al deposited layer works as a

passivation layer. 

3. Fabrication of Prototype Cantilevers

We fabricated three types of prototype cantilevers. Two

of them are designed for capacitive detection and one for

optical detection. In the following, fabrication process and

characterization are described for respective cantilevers. 

 First, T-shaped cantilever was fabricated as shown in

Fig. 2. Commercial piezoresistive cantilevers we previ-

ously used in ESR measurement were small in size (400

× 50 × 5 μm3) [6]. Therefore, high spin sensitivity of 109

spins/gauss was achieved for a tiny crystal. On the other

hand, spin concentration sensitivity, which is defined by

spin sensitivity divided by volume, was not high since the

sample size is small (typically 1 μg). Therefore, low spin

concentration samples are not suitable with mm-size

cantilevers. To overcome this demerit, relatively large size

cantilevers were adopted for this purpose. As shown in

Fig. 2, the lateral size of the cantilever was 3.5 × 1.6 mm2,

and sample volume of 1 mm3 can be measured with this

cantilever. Designed spring constant is k = 0.26 N/m, and

detectable magnetic moment is expected to 10−11 emu,

which is comparable to that of microcantilever. However,

three orders of magnitude large sample volume can be

Fig. 2. SEM image of T-shaped cantilever. 
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measured. As a result, spin concentration sensitivity is

improved by three orders, and expected to 10−7 emu/cc. In

addition, calibration coils are equipped with this T-shaped

cantilever. Current loop induces a magnetic moment, which

can be calculated in advance with a current loop area, and

cantilever response can be calibrated with known mag-

netic torque. 

Second, torsion type cantilever was fabricated, as shown

in Figs. 3 and 4. By putting a capacitive electrode beneath

the paddles, capacitive detection of torque acting on the

torsion bar can be measured. This type of cantilever has

an advantage that null detection of magnetic torque can

be done. Device layer was etched by CF4 plasma to

define cantilever patterns precisely. Back-etch process is

needed to form a window, as shown in Fig. 3. It takes

more than 5 hours to penetrate the SOI handle layer by

SF6 plasma etching. Therefore, Al was deposited on both

sides for passivation of device patterns. In appropriate condi-

tions, vertical edge can be obtained after SF6 etching.

Followed by plasma etching, cantilever structure was

released by HF etching for 10 min. The size of the paddle

was 300 × 300 μm2. Cross section area of torsion bar was

20 μm in width, and 2 μm in thickness. With such thin

torsion design, the designed spring constant was as small

as 3.8 × 10−7 Nm/rad. 

Microcantilever for optical detection was shown in Fig.

5. In order to detect cantilever deflection, Fabry-Perot inter-

ferometer is formed between a fiber end and cantilever

surface. Then, a change in the interference signal is detect-

ed by a photodiode. In such a small cavity, it is some-

times difficult to adjust cantilever position to the fiber.

Therefore, this cantilever has a paddle at intermediated

Fig. 3. (Color online) Process flow of torsion-type cantilever.

Fig. 4. (left) SEM image of torsion-type cantilever. (right) Magnified image of a torsion bar.

Fig. 5. SEM image of optical detection type cantilever. Au is

evaporated on the paddle to enhance reflectance. 
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position to make fiber alignment easy. The paddle size

was 50 × 50 μm2, and its surface was Au evaporated to

enhance the reflectance. The eigenfrequency was measur-

ed with a Fabry-Perot interferometer, in combination with

a spectrum analyzer. Experimentally determined eigenfre-

quency was 16.8 kHz, which is close to the designed

value of 14.7 kHz. 

For practical use of these cantilevers, post processing

techniques such as wiring and packaging are needed. For

this aim, anodic bonding apparatus was constructed. By

applying a high voltage between Si and glass substrates

on a hot plate (400 degrees Celsius), they are bonded

each other. With this technique, it becomes possible to

handle fragile cantilevers easily. 

4. Summary 

We fabricated three types of prototype cantilevers, which

are aimed for use in mechanically detected high-frequency

ESR measurement. Commercial cantilevers are useful and

easily obtained, but they are not often optimized for our

purposes. Therefore, we developed MEMS fabrication

technique to allow flexible design for our purpose. 

T-shaped cantilevers and torsion type cantilevers are

relatively large in size and designed for samples with low

spin concentrations, while optical detection cantilevers

has soft spring constant allowing sensitive detection of a

tiny sample, in combination with Fabry-Perot interferometer.

Experiments using these MEMS cantilever are now in

progress. 
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